Since animals under metabolic stress must invest energy in survival first and reproduction second, the reproductive axis has the capacity to respond to changes in caloric status. Indeed, every level of the reproductive axis, the hypothalamus, pituitary gland, and gonad, has the capacity to respond to metabolic cues. In humans, anorexia, cachexia, and excessive exercise can all shut down reproductive cyclicity and the secretion of gonadal steroids that are essential for the health of many organs and tissues (De Souza et al. 1998 ; Klentrou and Plyley 2003) . On the opposite end of the spectrum, obesity and diabetes can also negatively affect fertility (Tortoriello et al. 2007 ; Pasquali et al. 2006 ). The mechanisms regulating these processes are not well understood, but recent work has begun to yield new insights.
While long recognized, the exact nature of the relationship between energy stores and fertility has been somewhat controversial. Work in rodent models (Kennedy 1969 ) and human subjects (Frisch and McArthur 1974; Frisch 1997 ) gave rise to the idea that a female's fat reserves must exceed a critical threshold for ovulation to occur. However, it has now become clear that the body allocates energy based on current energy balance as opposed to the absolute amount of stored adipose tissue. Ovulation is suppressed when a mammal is in negative energy balance, whether that state is caused by inadequate food intake, excessive locomotor activity, or heavy thermoregulatory costs. In the mouse, ovulation occurs whenever extant energetic conditions permit, unless the process is blocked by non-metabolic stress, social cues, or a predictive seasonal cue such as photoperiod. Mice in the wild often continue to ovulate and become pregnant during seasons of famine, despite lacking the energy reserves to carry a litter to term (Bronson and Marsteller 1985) . In the human, menstrual irregularities, amenorrhea, and infertility can result from inadequate food intake to compensate for energy demands; for instance, when a severe athletic training schedule is relaxed, luteinizing hormone (LH) pulses and The hypothalamus plays a crucial role in maintaining fertility in all mammals. The GnRH neurons within the preoptic area control the secretion of pituitary LH via the pulsatile release of GnRH from their terminals in the median eminence into the hypophysial portal blood vessels. On a minute-to-hourly basis, the GnRH pulse generator is extremely sensitive to energetic stress.
GnRH pulses are readily suppressed by food restriction, high or low ambient temperature, or excessive exercise, and GnRH pulsatility returns rapidly when the energetic challenge is alleviated, usually in 1 to 2 hours. Both males and females of a large number of species exhibit this suppression, despite the fact that a temporary halt to spermatogenesis is unlikely to have any 
Circulating Leptin and Insulin Affect Fertility

Insulin
Central control of reproduction requires the hypothalamus to receive information regarding the energy status of an animal, for example by sensing hormonal signals secreted into the circulation in proportion to body adipose stores. Woods and Porte originally suggested a role for insulin in the central regulation of energy homeostasis based on the observation that insulin levels circulate in proportion to adipose tissue in most mammals (Woods et al. 1979 ). They demonstrated that intracerebroventricular insulin administration results in a dose-dependent Page 4 of 21 reduction in food intake and body weight. Following the advent of gene targeting techniques, neuron-specific deletion of insulin receptors (NIRKO mice) was found to lead to increased body fat deposition and hypothalamic hypogonadism (infertility due to reduced GnRH release) (Bruning et al. 2000) , confirming that insulin sensing in the brain is required for normal reproduction. These actions may be mediated by direct insulin action on GnRH neurons or by altering input from secondary insulin sensitive neurons. One critical, unsettled question is whether GnRH neurons express insulin receptors (IRs) in vivo. To date, the only evidence supporting that assertion comes from conditionally immortalized GnRH-expressing cell lines that have been reported to be insulin responsive (Salvi et al. 2006) . Given the inherent limitations of extrapolating data from cell lines to animals, in vivo data must be obtained to settle this issue.
While standard approaches to this question are available, genetic techniques now allow the targeted deletion of receptors from specific neuronal subtypes. It is hoped that the phenotype of mice lacking IR expression in GnRH neurons will soon be reported.
Leptin
The cloning of the ob gene in 1994 by Friedman and associates resulted in the discovery of another physiologically important adiposity signal secreted by fat tissue: leptin (Zhang et al. 
Leptin and Insulin Sensing in Hypothalamic Neurons
The role of the arcuate nucleus of the hypothalamus in regulating energy balance is well (Smith et al. 2006b ). However, the requirement for AR and ER in mediating the feedback effects of sex steroids on Kiss1 expression remains to be confirmed.
Kisspeptin appears to play a role in the reproductive effects of leptin. LepRs have been found in over 40% of Kiss-1 neurons in the arcuate nucleus. Compared to wild type mice, obese ob/ob male mice show decreased expression of KiSS-1 in the arcuate nucleus, which is restored by leptin treatment (Smith et al. 2006b ). In a recent study, investigators showed that in diabetic rats, KiSS-1 mRNA is decreased in the hypothalamus. These animals exhibit low circulating levels of leptin, insulin, and LH ). Administration of Kisspeptin restored LH and testosterone secretion, and icv leptin, but not insulin, normalized KiSS-1 mRNA levels in the hypothalamus, as well as circulating levels of LH. Although KiSS-1 and LepR are coexpressed in the arcuate nucleus, the specific hypothalamic sites where leptin acts to stimulate KiSS-1 in this paradigm are not known.
Thus far, the results are consistent with a model whereby leptin and perhaps other adiposity and satiety factors stimulate KiSS-1 expression, triggering production of kisspeptin and stimulation of GnRH release. It is tempting to speculate that reproductive deficits associated with leptin-deficient states may be attributable to diminished expression patterns of KiSS-1 or its receptor. Nevertheless, whether leptin is solely acting on KiSS-1 neurons in the central control of GnRH, or whether additional peripheral regulators cooperate with leptin in the control of Kiss-1 for the integration of energy balance remains to be elucidated. The use of genetic mouse models that allow the deletion or reactivation of KiSS-1 gene in specific neurons will provide crucial access this pathway.
Summary
We have entered an exciting era for the study of metabolic regulation of reproductive function. Our knowledge of the hypothalamic circuitry involved in monitoring energy balance and providing input to GnRH neurons continues to expand rapidly. We have discussed only a few of the neuropeptides and hormones involved, and no doubt more are waiting to be discovered. A major goal of future research should therefore be not only to discover individual players communicating energy status to the reproductive axis, but also to understand how each fits within the neuronal network connecting these two critical systems. Many relationships remain to be elucidated (Figure 1) . Pursuit of these questions will yield a greater understanding of the central control of reproduction and holds out the hope of addressing the clinical impact of impaired fertility and steroid production due to metabolic causes.
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